analysis was performed in order to determine whether recombinant viruses could have 1 arisen and be responsible of infections after mixed inoculations. Reverse transcriptions 2 and subsequent PCR reactions were carried out using Expand High Fidelity PCR 3 enzyme blend (Roche Diagnostics, Ltd., UK), oligo (dT) 20 and 4 5´G AYCTWGCTCGTGCWTATGCTG 3´ as primers, and total RNA extracts 5 from symptomatic non-inoculated leaves as template (31); the restriction enzyme Alu I 6 (New England Biolabs, UK Ltd) was used to digest the PCR products and distinguish 7 between both PepMV types. quantitative PCR (RT-qPCR) with an AB7500 System (Applied Biosystems, Foster 12 City, CA, USA) using the Power SYBR ® Green RNA-to-CT ™ 1-Step Kit (Applied 13 Biosystems). A set of 36 tomato plants was mechanically inoculated with purified 14
PepMV-Sp13 and PepMV-PS5 virions. The inoculated and mock-treated plants were 15 maintained in a greenhouse under controlled conditions (16 h photoperiod, 25 ºC) for up 16 to 32 dpi. All leaves from three plants from each treatment group were homogenized 17 using a Polytron in 10 mM Tris-HCl, 5 mM EDTA (pH 8), 2% SDS. Three biological 18
replicates were processed at 8, 16, 24 , and 32 dpi. Total RNA was extracted using Reagent ™ (150 mg/ml). RNA concentrations were quantified in a NanoDrop ® ND-1000 20 spectrophotometer (Thermo Fisher Scientific, Wilmington, Delaware USA), adjusted to 21 100 ng/µl, and then stored in aliquots at − 80 °C. . The reaction mix was prepared following 3 manufacturer's instructions (Applied Biosystems). Melting curve analysis at the 4 amplification end-point and no-template controls (NTC) were carried out to ensure 5 product-specific amplification and the absence of primer-dimers. 6 Viral RNAs were used in serial dilutions to generate external standard curves. 7 Viral RNA was extracted for each isolate from 500 µl of purified virion using a standard 8 phenol/chloroform procedure (2). RNA concentration was estimated at least twice with 9 a NanoDrop ® ND-1000 spectrophotometer for each preparation, and then 10-fold serial 10 dilutions (10 12 to 10) were prepared using total RNA extract (10 ng/µl) from healthy 11 tomatoes as diluent. The slope values were estimated plotting the threshold cycle (C t ) 12 values from two independent assays with three replicates each. The C t value for 13
PepMV-Sp13 was -3.238 with R 2 = 0.997 whereas for PepMV-PS5 it was -2.364 with 14 R 2 = 0.999. RNA concentration in each sample (ng of viral RNA per 100 ng of total 15 RNA) was estimated by interpolating individual C t values in the standard curve from 16 two independent RT-qPCR assays. In control experiments, no interference was found 17 when measuring the amount of viral RNA in samples with RNAs mixed from isolates 18
PepMV-Sp13 and PepMV-SP5 (mimicking double infections) compared to samples 19 with RNA from only one isolate (data not shown). 20
In addition, the severity of viral symptoms induced by PepMV was estimated on 21 the basis of relative growth reduction experienced by infected plants. Fresh weight (g) 22 and height (18) were measured in each set of plants at 8, 16, 24, and 32 substitutions per synonymous site. This distance matrix was used to build up a 10 minimum evolution tree for each ORF independently and for all concatenated coding 11 sequences. The different trees were indistinguishable and the tree derived for the 12 concatenated coding sequence is shown as an example in Fig. 2 . A similar tree structure 13 was obtained by maximum parsimony (data not shown). Two well-defined groups were 14 identified, one containing PepMV-EU isolates, the other containing the PepMV-CH2 15
isolates. There was no differentiation between isolates collected in different seasons or 16 at different locations (Fig. 2) . In addition, comparisons of the trees for each ORF 17 revealed no indication of recombination among PepMV types (data not shown), unlike 18 similar analyses performed with other populations of the same virus (27, 51) . isolates by type (CH2 or EU) (data not shown) or from each year. The amount of 25 genetic diversity significantly differed among synonymous and non-synonymous sites 1 in yearly subpopulations (F 1,40 = 11.424, P = 0.002), with the difference becoming 2 increasingly negative with time (F 1,40 = 52.479, P < 0.001) but at a rate that was 3 dependent upon the gene analyzed (F 3,40 = 4,384, P = 0.009) (Fig. 3) . Indeed, the 4 strongest effect was observed on TGBp3, which could reflect the overlap with TGBp2 5 (Fig. 1) The results showed that none of the 676 codons we analyzed showed significant 10 evidence of positive selection, and that only nine codons were subject to negative 11 selection (Fig. S2) . In EU isolates, the codons under purifying selection were R109, 12 T160 and S183 in TGBp1; H122 in TGBp2; and Q90, S91, E186 and K196 in the CP. 13
In CH2 isolates, the only codon under purifying selection was G51 (TGBp3). Several 14 population neutrality tests were also performed, all supporting the notion that purifying 15 selection is the main force explaining the divergence between CH2 and EU isolates; 16 accordingly, the number of non-synonymous substitutions was significantly higher 17 within isolates of the same type than between isolates of different types (data not 18 shown). potential host species were mechanically inoculated with PepMV-Sp13 (EU type) and 22
PepMV-PS5 (CH2 type) either independently or in mixed inoculations. To avoid 23 potential cross-contamination with field isolates, we prepared the inocula using virions 24 purified from N. benthamiana plants previously inoculated using agroinfectious PepMV 25 clones. All infected plants showed symptoms, except N. glauca and N. rustica, in which 1
PepMV infected asymptomatically only the inoculated leaves. Single isolates showed 2 essentially the same host range regardless of the isolate, although N. occidentalis and 3
Solanum melongena plants showed more severe stunting when inoculated with PepMV-4 Sp13 rather than PepMV-PS5 (Table 2) . Surprisingly, mixed inoculations extended the 5 PepMV host range (Table 2) : N. glutinosa and N. tabacum plants could be infected after 6 simultaneous inoculation with both isolates, resulting in occasional mild chlorotic 7 symptoms in non-inoculated leaves (Table 2) with either PepMV-PS5 or PepMV-Sp13 isolates, and plants co-inoculated with both 8
isolates. Single infections significantly reduced the average fresh weight (Sp13, F 2,43 = 9
13.164, P < 0.001; PS5, F 2,44 = 9.343, P < 0.001) but not the average plant height 10 (Sp13, F 2,16 = 3.257, P = 0.065; PS5, F 2,16 = 2.383, P = 0.124) compared to mock-11 inoculated plants. Moreover, there was a 6.75% greater reduction in weight when plants 12
were infected with PepMV-Sp13 compared to PepMV-PS5 (F 2,67 = 20.619, P < 0.001). 13
These data also allowed the effect of infection on the rate (i.e. slope) of plant 14 development to be tested. This second type of analysis produced congruent results for 15 both morphological traits, with PepMV-Sp13 having a more significant impact (F 1,16 = 16 27.002, P < 0.001) on fresh weight than PepMV-PS5 (F 1,16 = 7.511, P = 0.015). 17
Interestingly, these results showed that the EU isolate is more virulent despite 18 accumulating to a lower extent than the CH2 isolate. In all four cases, differences in 19 growth rate were not evident up to 24 dpi but became so afterwards. Coinfected plants 20
were as tall (F 2,24 = 1.540, P = 0.226) and weighted as much (F 2,16 = 0.325, P = 0.727) 21
as the mock-inoculated ones. Furthermore, the rates of plant development for co-22 infected plants were undistinguishable from the mock-inoculated plants (height, The potential correlation between virus load and the height and fresh weight of 3 infected plants was also analyzed at 32 dpi; no significant differences were found 4 between virus accumulation levels and height or fresh weight in single (r = 0.091, 4 d.f., 5 P = 0.779; r = −0.780, 10 d.f., P = 0.068, respectively) or in mixed infections (r = 6 −0.366, 1 d.f., P = 0.373; r = 0.653, 10 d.f., P = 0.547, respectively). dominance in all locations were both groups occurred (13). The PepMV-CH2 presence 17 in tomato crops has been reported in other European countries (27, 54, 55) and from 18
North America (27, 35) . It is currently unclear how PepMV-CH2 was introduced in 19
Europe, although its genetic homogeneity (27, 35, 55) and its presence in a commercial 20 tomato seed lot imported to the USA from Chile (36) suggest a common demographic 21 origin. Perhaps, the movements of infected planting material together with the ease of 22 plant-to-plant PepMV transmission may have resulted in PepMV-CH2 infections within 23 areas where PepMV-EU was already endemic or across new areas. 24 A remarkable observation was the significant frequency of PepMV mixed 1 infections, and the fact that PepMV isolates of the EU type appeared in mixed but not in 2 single infections; a coincident observation has been published recently (4). This led us 3 to hypothesize that mixed infections could have a role in the maintenance of diversity in 4 the virus population. In this regard, an interesting question was whether PepMV-EU and 5
PepMV-CH2 co-circulating in the same host might influence each other's evolution. To 6 try and answer this question, we studied the genetic variability and evolution of the 7
PepMV population over a four year period, and examined the in planta influence of one 8 isolate on another in mixed infections. The presence of different viral types in populations can alter the population 17 structure and influence its evolution. For instance, the coexistence of different viral 18 types within a population is a prerequisite for recombination, which is a very important 19 source of variation for certain plant viruses. Notably, a significant case is the tomato 20 yellow leaf curl disease (TYLCD) complex, which share agroecological niche with the 21 PepMV population studied herein (21, 44, 61, 62) . The co-circulation of PepMV-EU 22
and PepMV-CH2 types could favor recombination, and other authors have identified 23 recombinant PepMV isolates that have exchanged portions of the TGB and CP genes 24 (51), and portions of the RdRp gene (27). However, we found no evidences of 25 recombination among the PepMV types studied. Genetic exchange may still have 1 occurred, but may have involved sequences such as RdRp which is upstream of the 2 fragment we studied, or new recombinant strains may have been less fit than the 3 parental strains, thus being eliminated from the population by strong purifying selection 4 (e.g. 14, 16, 45) . Because recombinant isolates may have quite different biological 5 properties compared to their parental strains (1, 6, 22) , genetic studies of the PepMV 6 populations during future seasons should be undertaken to anticipate efficient control 7 strategies. 8
To understand the dynamics of PepMV populations in Southeastern Spain, we 9 have studied the host range and fitness in its principal host using two infectious full-10 length cDNA clones derived from isolates Sp13 (EU type) and PS5 (CH2 type). The 11
PepMV host range appears to be limited to certain solanaceous hosts, but mixed 12 inoculations extended the host range beyond that available to any single isolates. The 13 plant species here studied included potential alternative hosts that grow in the same 14 geographical area than infected tomatoes. PepMV did not infect pepper plants after 28 15 dpi, but eggplants were infected and displayed severe symptoms, showing more severe 16 stunting when inoculated with PepMV-Sp13 than PepMV-PS5 (Table 2) Here, the analysis of virus accumulation in single infections revealed that PS5 was 8 significantly fitter than Sp13, and therefore this competitive advantage may explain the 9 rapid spread and prevalence of the PepMV-CH2 type after its introduction. To detect 10 potential cross-influences between PepMV types and the effect on the dynamics of viral 11 populations, we studied viral fitness in mixed infections. The accumulation of the PS5 12 isolate in coinfected plants was very much depressed compared to single infections, 13
suggesting that Sp13 antagonizes PS5 in mixed infections. However, from 16 dpi 14 onwards, the growth rate of isolate PS5 was similar to or even higher than that of Sp13; 15 therefore, after long periods post-inoculation, it may be that both isolates accumulate to 16 comparable levels in mixed infections. These findings suggest that the competition 17 among PepMV isolates from different types do not affect the final viral load of PepMV-18 
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